ABSTRACT The branched-chain amino acid transaminases (BCATs) have a crucial role in metabolism of the branched-chain amino acids leucine, isoleucine, and valine. These enzymes catalyze the last step of synthesis and the initial step of degradation of these amino acids. Although the biosynthetic pathways of branched chain amino acids in plants have been extensively investigated and a number of genes have been characterized, their catabolism in plants is not yet completely understood. We previously characterized the branched chain amino acid transaminase gene family in tomato, revealing both the subcellular localization and kinetic properties of the enzymes encoded by six genes. Here, we examined possible functions of the enzymes during fruit development. We further characterized transgenic plants differing in the expression of branched chain amino acid transaminases 1 and 3, evaluating the rates of respiration in fruits deficient in BCAT1 and the levels of volatiles in lines overexpressing either BCAT1 or BCAT3. We quantitatively tested, via precursor and isotope feeding experiments, the importance of the branched chain amino acids and their corresponding keto acids in the formation of fruit volatiles. Our results not only demonstrate for the first time the importance of branched chain amino acids in fruit respiration, but also reveal that keto acids, rather than amino acids, are the likely precursors for the branched chain flavor volatiles.
INTRODUCTION
Due to their branched carbon skeletons, the amino acids valine, leucine, and isoleucine are commonly referred to as branched-chain amino acids (BCAAs) . It has been extensively demonstrated that these amino acids play important roles in many aspects of animal growth and development (Harris et al., 2005; Nair and Short, 2005; Brosnan and Brosnan, 2006; Avruch et al., 2009; Fujii et al., 2011) . For instance, leucine may stimulate the phosphorylation of the mammalian target of the rapamycin (mTOR) pathway, in part, by serving both as a mitochondrial fuel through oxidative carboxylation and as an allosteric activator of glutamate dehydrogenase (Tokunaga et al., 2004; Chotechuang et al., 2009 ). In addition, BCAAs can affect the synthesis and compartmentalization of the excitatory neurotransmitter glutamate (Hutson et al., 2001; Fernstrom, 2005) . The possible roles of BCAAs in energy metabolism and the longevity of species ranging from unicellular organisms to mammals has been recently addressed (Valerio et al., 2011) . Unsurprisingly, since humans and many agriculturally important animals lack the ability to synthesize BCAAs, there is a tremendous interest in increasing the levels of these so-called essential amino acids in crop plants (Ufaz and Galili, 2008) .
The biosynthetic pathways of BCAAs in plants have been extensively investigated and a number of genes have been characterized, mainly in the context of targets of commercially important herbicides (Singh, 1999; Binder, 2010) . Whilst the biosynthesis of BCAAs is relatively well characterized (Singh and Shaner, 1995; Aubert et al., 1997; Halgand et al., 1998; Gaston et al., 2003) , our understanding of the catabolic pathways remains far from complete. Catabolism is believed to be initiated in mitochondria, where the branched-chain keto acid (BCKA) dehydrogenase complex is located (Taylor et al., 2004) . At the interface of BCAA synthesis, catabolism and further metabolism are the branched chain aminotransferases (BCATs). This family of enzymes carries out both the final step in BCAA synthesis and the first step in catabolism (Binder et al., 2007; Binder, 2010) . Despite their obvious importance, the functions of the individual members of the family are not well understood. We have recently provided evidence that the tomato BCAT family is highly diverse in subcellular location, substrate preference, and expression. For example, SlBCATs 1 and 2 are expressed in all green tissues examined and these enzymes, localized to mitochondria, likely contribute to branched chain amino acid catabolism. In contrast, SlBCATs 3 and 4 are chloroplast-localized and likely involved in BCAA anabolism (Maloney et al., 2010) . We previously suggested that a catabolic mitochondrial housekeeping gene is likely to exist, since BCAAs are precursors to the tricarboxylic acid (TCA) cycle intermediates succinyl-CoA and acetyl-CoA as well as direct electron donors of the mitochondrial electron transport chain (Ishizaki et al., 2005 (Ishizaki et al., , 2006 Araú jo et al., 2010 Araú jo et al., , 2011 . This enzyme may also function in the crucial process of regulating steady-state levels of BCAAs in cells (Maloney et al., 2010) .
The involvement of isovaleryl-CoA dehydrogenase in the BCAA catabolic pathway as well as its impact on the metabolism of many unrelated compounds in Arabidopsis seeds, including an increase in 12 out of 20 amino acids, was recently demonstrated (Gu et al., 2010) . The incredibly high levels of isoleucine observed by Araú jo and colleagues (2010) and in the work performed by Gu et al. (2010) could be explained by two possible mechanisms. First, and in sharp contrast to the results from in vitro biochemistry (Goetzman et al., 2005) , isovaleryl-CoA dehydrogenase could be directly and solely involved in isoleucine catabolism. Alternatively, increased leucine or valine could lead to increased isoleucine accumulation through indirect effects on biosynthesis or catabolism. In good agreement with the second hypothesis, strong correlation of the levels of the three BCAAs has been documented in both wild-type Arabidopsis (Lu et al., 2008) and fruits of various introgression lines (ILs) of tomato .
BCAA catabolism likely has many functions in plants (Dä schner et al., 2001; Taylor et al., 2004; Engqvist et al., 2009; Gonda et al., 2010; Nunes-Nesi et al., 2010; Araú jo et al., 2011; Engqvist et al., 2011; Witt et al., 2012) . Branched chain volatiles (3-methylbutanal/ol, 2-methylbutanal/ol, isobutylthiazole, isobutyl acetate, isovaleronitrile) are important contributors to the flavor of many food products, including tomatoes (Causse et al., 2002; Zanor et al., 2009; Klee, 2010) . In particular, foods that are microbially fermented, such as cheeses, contain many branched-chain volatiles. Interestingly, studies of the pathways for synthesis in bacteria and yeast indicate that the BCAAs are precursors for these volatiles (Banks et al., 2001; Dickinson et al., 2003) . In contrast to microbes, very little is known about the plant synthesis pathways ( Figure 1A ). Experiments performed in melon indicate the presence of an aminotransferase activity that can convert BCAAs into their corresponding volatiles ( Figure 1B) (Gonda et al., 2010) . The same authors have provided recent evidence indicating that the a-keto acids are likely intermediates in the conversions of BCAAs into aroma compounds in melon fruit (Gonda et al., 2010) . However, without knowledge of metabolic flux in the anabolic and catabolic pathways, it is difficult to unambiguously determine the route for volatile synthesis.
While BCAT activities have been detected in a wide range of eukaryotic organisms, including yeasts, plants, rats, and humans (Singh, 1999) , the experimental assays for the subcellular localization of the individual enzymes have only been performed in a few instances. However, it seems clear that BCAAs are synthesized in chloroplasts and catabolized in mitochondria (Aubert et al., 1996; Hagelstein et al., 1997; Anderson et al., 1998; Dä schner et al., 1999; Fujiki et al., 2000; Dä schner et al., 2001; Fujiki et al., 2001 Fujiki et al., , 2002 . Although we can now assign anabolic and catabolic functions to the different tomato BCAT enzymes (Maloney et al., 2010) , we know virtually nothing about their functions beyond primary amino acid metabolism. This study focuses on characterization of BCAT 1 and 3 via analysis of transgenic plants exhibiting altered expression of the genes encoding these isoforms. Our results provide insight into the specific functions of BCATs in tomato fruit metabolism and a role in respiration in young fruits. They also suggest that, in tomato, catabolism of BCAAs is not a major route for the production of volatile organic compounds.
RESULTS

SlBCAT Transgenic Fruit Analysis
We have previously examined the effects of altering expression of synthetic or catabolic SlBCAT genes on aspects of fruit metabolism (Maloney et al., 2010) . Constitutive overexpression of SlBCAT1 (catabolic) and SlBCAT3 (anabolic) had minimal effects on the steady-state pools of BCAAs. In order to assess the effects on BCAA-derived volatile compounds, plants from the T 1 generation were grown in the field and ripe fruits were analyzed for flavor volatiles in comparison with M82 controls. Three independent overexpressing lines (Maloney et al., 2010) from each construct were chosen for this analysis. The rationale for using overexpressers was that this approach is less likely to result in compensatory alterations in other pathways of volatile production. Some of the lines were significantly altered in branched-chain volatile emissions (P , 0.05; Table 1) ; however, the results were not consistent across the lines and the differences, even though statistically significant, never exceeded 2.8-fold over controls. There was no obvious correlation between the levels of volatile emission and overexpression of the transgenes (contrast Table 1 with expression data in supplementary material of Maloney et al., 2010) . This result suggests that, although alteration in BCAT activity can influence the rate of branched-chain volatile synthesis, other factors then become limiting. We have previously shown that, in the case of aromatic amino acid-derived volatiles, the first committed step in the volatile synthesis pathway, aromatic amino acid decarboxylase, is the limiting step to synthesis (Tieman et al., 2006a) . The first committed enzyme for branched-chain volatile synthesis is at this point unknown. We can conclude that overexpression of neither the chloroplastic nor the mitochondrial BCAT enzymes had a large effect on volatile synthesis.
Substrate Feeding of Tomato Fruit Shows Components of Branched-Chain Pathway
Since transgenic fruits did not show significant changes in volatiles postulated to be derived from BCAAs, it is reasonable to assume that they are synthesized from a different precursor. In order to assess the relationships between precursors and products in volatile synthesis, fruit pericarp tissues were (A) The pathway with key enzymes (red circles) and metabolites (green) of branched-chain amino acid biosynthesis are shown. (1) threonine deaminase, (2) acetolactate synthase, (3) acetolactate isomeroreductase, (4) dihydroxy-acid dehydratase, (5) branched-chain aminotransferase, (6) 2-isopropylmalate synthase, (7) isopropylmalate isomerase, (8) supplemented with each BCAA and BCKA, the possible precursors to branched-chain volatiles. After addition of leucine, isoleucine, and valine, emissions of 17 of the most important tomato flavor volatiles were analyzed and compared to water-fed controls. No significant changes were observed for most of the non-branched-chain volatiles, as expected. Although side chain chemistry suggests that 3-methylbutanol and 3-methylbutanal could be derived from leucine, there were no significant increases in emissions of any of the branched-chain volatiles upon leucine addition (Figure 2 ). When a-ketoisocaproic acid (KIC) was provided, there were significant and large increases of about ninefold and 10-fold in 3-methylbutanal and 3-methylbutanol, respectively (Figure 2) . A small but significant 2.5-fold increase was observed in the Graphs show the changes in branched-chain volatile compounds after feeding of tomato pericarp discs with the BCAA or BCKA substrate specified above each graph after 6 h of incubation. Values are expressed in percentage of volatile emission of water-fed controls 6 SE. Columns marked with an asterisk indicate statistically significant changes, as determined by Student's t-test (P , 0.05).
level of 2-methylbutanal emission when isoleucine was added to M82 pericarp discs (Figure 2 ). When a-ketomethylvaleric acid (KMV) was added, significant increases of about 15-fold and ninefold were observed in 2-methylbutanal and 2-methylbutanol emissions, respectively (Figure 2 ). No significant increases in branched-chain volatiles were observed when valine was provided (Figure 2) . When a-ketoisovaleric acid (KIV) was added, increases of about 4.5-fold and fivefold were observed in 3-methylbutanal and 3-methylbutanol emissions, respectively. KIV addition also gave an increase of about 14-fold of the branched-chain ester isobutyl acetate. This compound may be produced by the reaction of isobutanol with acetyl-CoA and an acetyltransferase enzyme, as is the case in strawberry, banana, and apple (Beekwilder et al., 2004; Holland et al., 2005) . The observation that KIV feeding led to significantly increased production of 3-methylbutanal and 3-methylbutanol is consistent with the BCAA biosynthetic pathway in which KIV is a precursor of KIC. Since application of the amino acid precursor (KIV) resulted in far greater synthesis of the volatiles than did the actual amino acid, it is reasonable to postulate that the amino acid is not the direct precursor of the branched-chain volatiles.
These feeding experiments show that BCKAs have much greater effects on synthesis of their corresponding volatiles, suggesting that they are more likely to be the precursors of branched-chain volatiles than BCAAs. However, it is important to note that caution must be taken when interpreting such a dataset, since we cannot effectively exclude effects related to subcellular compartmentation of the applied compounds.
[U-
13 C]leucine Feeding Reinforces BCAA Catabolic
Pathway
The above feeding experiments provide evidence about the volatile end products of the branched-chain pathway but not the non-volatile components, the BCKAs. Additionally, they only provide indirect evidence of the putative pathway to branched-chain volatiles. To further analyze this pathway in tomato fruit, a similar feeding experiment was performed in which [U-13 C]leucine was added to tomato fruit pericarp discs.
Mass spectrometric analysis revealed incorporation of 13 C into KIC, the direct catabolic product of leucine. Significant incorporations of label into KIV and KMV were also observed (Table 2 ). However, 13 C incorporation into the branched-chain volatiles was several orders of magnitude lower than in the BCKAs, though incorporation into the branched-chain alcohols 3-methylbutanol and 2-methylbutanol was several-fold higher than all other branched-chain volatiles measured. The relatively low incorporation of 13 C into the branchedchain volatiles further supports the conclusion that leucine catabolism, likely located in mitochondria, is not the major source of the BCKAs that are converted into 3-methylbutanal and 3-methylbutanol. It is likely that tomato fruits do not synthesize these volatiles via the Ehrlich pathway used by yeast (Dickinson et al., 2003) .
BCAAs Affect Respiration in Young Fruits, but This Is Compensated by Other Pathways in Older Fruits
It has been recently demonstrated that, at least under certain growth conditions, BCAAs can support plant respiration, like mammalian respiration, by fueling the mitochondrial electron transport chain both directly via the electron transfer protein complex and indirectly via the TCA cycle (Araú jo et al., 2010 (Araú jo et al., , 2011 . Given the rapid decline in branched chain amino acid levels during tomato fruit development concomitant with an elevation in respiration (Carrari and Fernie, 2006; Carrari et al., 2006) , we next evaluated the rate of respiration in excised transgenic pericarp discs of BCAT1 antisense plants at either 30 or 40 d post-anthesis (dpa) (Figure 3 ). The rationale for using antisense plants was that they afford a better description of the qualitative input, in vivo, of this route of energy production. A significant but minor decrease in the rate of respiration was apparent at 30 dpa in all evaluated lines (except line 15) with reductions in the range of 12-32%, which, given the massive size of the respiratory flux, represents a major change ( Figure 3A) . Surprisingly, these differences were not evident at 40 dpa ( Figure 3B ), suggesting that the transgenic lines were able to readjust their respiration rate during development of the fruit. In good agreement with previous reports , respiration rates were maintained or increased with fruit age. Interestingly, analyses of the level of BCAAs have already demonstrated that valine is present at higher levels than isoleucine and leucine in stems, leaves, and flowers (Maloney et al., 2010) , which correlates well with the level of expression of BCAT1. It is worth mentioning that the highest values observed in those tissues were those in flowers in which BCAT1 was very highly expressed (data not shown). There was notably a strong decrease in the levels of valine, isoleucine, and leucine during fruit development, with their levels at 40 dpa between four and 10 times lower than those determined in fruits of 10 dpa (Maloney et al., 2010) . These combined results therefore indicate that the BCAAs are most likely being used as substrates for respiration. Future experiments conducted across a wider range of developmental stages will likely be highly useful in understanding this dynamic alteration and better characterizing the impact of BCAA catabolism on respiration.
DISCUSSION
The work described in this paper initiated from previous work characterizing quantitative trait loci (QTL) for BCAA and branched chain volatile content of ripe tomato fruits of an S. pennellii x M82 introgression line (IL) population (Tieman et al., 2006b) . Given that the regulation of BCAA metabolism and synthesis of the corresponding volatiles was relatively poorly understood in plants, we chose the seven QTL for which all three BCAAs were coordinately affected for further study. Because there were no clear correlations between the levels of the BCAAs and the volatiles that were presumed to be derived from them, we here decided to evaluate the consequences of modifying expression of single isoforms of the BCAT gene family on multiple aspects of fruit development. Several recent studies have revealed that plants, like mammals, contain an alternative route of electron provision to the mitochondrial electron transport chain mediated by the Electron Transfer Flavoprotein (ETF) complex (Ishizaki et al., 2005 (Ishizaki et al., , 2006 . BCAA catabolism feeds into this pathway via the reactions catalyzed by isovaleryl dehydrogenase and 2-D-hydroxyglutarate dehyrogenase (Engqvist et al., 2009; Araú jo et al., 2010 Araú jo et al., , 2011 . Whilst these pathways are particularly prominent during dark-induced senescence (Araú jo et al., 2010) , recent evidence suggests that they also operate in the dark period of a normal light-dark cycle in the photosynthetic tissue of Arabidopsis (Caldana et al., 2011; Engqvist et al., 2011) . Transcripts encoding the ETF complex were additionally noted to be up-regulated in pea embryos that had been genetically engineered to display enhanced amino acid import (Weigelt et al., 2008) and in deeper layers of the pericarp of young tomato fruit in which it is unlikely that photosynthesis is operational (Lytovchenko et al., 2011; Matas et al., 2011) . However, there has been no direct quantification of the relative importance of these pathways in support of respiration in heterotrophic tissues. In the current study, we were able to demonstrate that, at least in young fruits, the catabolism of BCAAs makes a significant contribution to the respiratory rate of the fruit. The fact that this effect is not seen in older fruits suggests that either the fruit compensates for the loss of this pathway via increased import of leaf photoassimilates or that this pathway is not as important during later developmental stages. Consistent with this hypothesis, fruits of none of the transgenics evaluated here exhibited alterations in ripening. Accordingly, it is clear that down-regulation of SlBCAT1 resulted in at least a transient modification of the rate of respiration, indicating an additional role of the BCAAs in tomato fruit development. However, it is important to note that our results cannot exclude the possibility that the volatile production may be influenced by the BCAA content in older fruits.
Despite the importance of the branched-chain volatiles to tomato flavor as well as to the flavor of many other fruits and vegetables, the genes controlling their synthesis remain unidentified. Indeed, in some instances, the pathways for synthesis are not fully elaborated (Tieman et al., 2006a ). The substrate feeding and heavy isotope labeling experiments described here indicate that BCKAs are more likely to be the immediate and more important precursors of the branchedchain volatiles than the BCAAs. This conclusion leads to a revised pathway of branched-chain volatile formation in tomato fruit (see the model of Figure 4) . Consistent with structural considerations, the data support a model in which KIC is the precursor to 3-methylbutanal and 3-methylbutanol, KMV is the precursor of 2-methylbutanal and 2-methylbutanol, and KIV is the precursor of isobutylacetate. Since these keto acids are likely to be present in at least three cellular compartments and virtually nothing is known about keto acid transport, we cannot conclude yet where within a cell branched-chain volatile synthesis occurs. However, given the existence of a BCKA dehydrogenase complex, it seems unlikely that the volatiles would be synthesized in mitochondria.
Although branched-chain volatile synthesis was consistently higher in all of the lines overexpressing BCAT1 and BCAT3, the effects were not large. These results suggest that flux through the BCAA pathway(s) does impact on the volatile synthesis pathways. The lack of a major effect on volatile content is consistent with the lack of major effects on the BCAA pools, as previously reported (Maloney et al., 2010) . It is likely that BCAA levels are highly controlled by multiple mechanisms and overexpression of either an anabolic or catabolic BCAT alone, despite being a major route of BCKA production, does not have a major effect on the pools of these precursors of branchedchain volatiles. Interestingly, previous work from our groups revealed a similar lack of correlation between the levels of phenylalanine and the phenylalanine-derived volatiles (Tieman et al., 2006a) , indicating that much of the regulation of their production occurs downstream of precursor supply. Results from a recent study in which ODO1, a MYB transcription factor, was overexpressed resulted in coordinate up-regulation of flux through the phenylalanine synthesis pathway produced no increase in phenylalanine-derived volatiles (Dal Cin et al., 2011) . Thus, at least for amino acid-derived volatiles, it appears that regulation of these pathways occurs at the level of commitment to their respective secondary pathways.
In summary, analysis of transgenic plants altered in expression of two isoforms of BCAT indicates a stage-specific role for BCAAs in fruit respiration. BCAA and BCKA feeding indicates that BCKA and not BCAAs are the likely precursors for synthesis of the important branched-chain flavor volatiles. However, altered expression of either anabolic or catabolic BCAT isoforms did not affect synthesis of the branched-chain volatiles, suggesting that they are not suitable targets for metabolic engineering of these important flavor compounds.
METHODS
All chemicals and reagents used were purchased from SigmaAldrich (St Louis, MO), unless otherwise noted. All supplies were purchased from Fisher Scientific (Pittsburgh, PA), unless otherwise noted.
Constructs
The transgenic plant overexpression constructs, SlBCAT1 and SlBCAT3, and the antisense construct aSlBCAT1 have been previously described (Maloney et al., 2010) . The overexpression constructs contain full-length cDNAs expressed from a constitutive 35S transcriptional promoter while the antisense construct contains a 1138-bp fragment of SlBCAT1. Transgenic and control tomato plants for fruit volatile determinations and flux experiments were grown at the North Florida Research and Education Center (7580 County Road 136, Live Oak, FL 32060) . Those for respiration measurements were grown in Potsdam-Golm as described previously (Kochevenko and Fernie, 2011) . Red route: decarboxylation first followed by deamination with an amine intermediate, catalyzed by amino acid decarboxylases and deaminases, as partially demonstrated in tomato fruit (Tieman et al., 2006a) . Black route: transamination followed by decarboxylation with an a-keto acid intermediate, catalyzed by two separate enzymes, as partially demonstrated in this work and in the work of Gonda and coworkers (2010) . The size of an arrow indicates its contribution to the final production of volatiles. Solid arrows indicate that the enzyme activity and genes have been identified. Dashed arrows indicate that the proposed plant enzymes and genes are yet to be identified B. Steps that constitute the described pathway of branched-chain volatiles from BCAAs in microbes. The following method has been described previously (Tieman et al., 2006b ). Fruits were grown in fields at the North Florida Research and Education Center (Live Oak, FL). The transgenic plants used for volatile analysis were all from the T 1 generation. The plants were either heterozygous or homozygous for the presence of transgenes, as tested by PCR analysis. Several ripe tomato fruits from each replicate of each construct and Solanum lycopersicum cv. M82 control were chopped uniformly and placed in glass tubes. Air was filtered through a hydrocarbon trap (Agilent, Palo Alto, CA) before flowing through glass tubes for 1 h and collected with a Super Q (Alltech, Deerfield, IL) column. After collection, 5 ll nonyl acetate was added to columns as an internal standard, and volatiles were eluted from columns by rinsing with 150 ll methylene chloride and forcing into a collection vial with nitrogen gas. Eluted samples were separated through a DB-5 column (Agilent, Palo Alto, CA) and analyzed on an Agilent 6890N gas chromatograph. Retention times of volatile compounds were compared to known standards. An Agilent 5975 MS was used to confirm identity of volatile peaks. Volatile peaks were analyzed using ChemStation software (Agilent, Palo Alto, CA). Volatile levels were first calculated in ng g À1 FW h À1 , and then reported as a percentage of M82.
Metabolite Feeding
S. lycopersicum cv. M82 plants were grown in fields at the North Florida Research and Education Center (Live Oak, FL). Fruits were harvested and infiltrated with substrate the same day. Fruits were cut in half, cored, and pericarp discs were cut out with a 1-cm cork borer. Discs were trimmed horizontally to a depth of 0.5 cm to ensure uniformity. For each sample, 40 discs were placed single-layered in sterile plastic Petri dishes. Thirty ll of 10 mM amino acid, 10 mM a-keto acid, or de-ionized water were pipetted onto the surface of each pericarp disc, after which the plates were sealed and incubated at 25°C in darkness for 6 h. Discs from each sample were weighed and placed in glass tubes and volatiles were collected and analyzed as described above.
GC-MS Analyses of Non-Volatile Plant Metabolites
Metabolite extraction, derivatization, GC-MS analysis, and data processing were performed as described previously (Lisec et al., 2006; Schauer et al., 2006) , with the exception that, for low-abundance metabolites, a substantially higher extract concentration was injected onto the GC-MS. The absolute concentration of metabolites was determined by comparison to standard concentration curves as previously defined (Schauer et al., 2005b) . Metabolites were identified in comparison to database entries of authentic standards (Kopka et al., 2005; Schauer et al., 2005a) . In addition, the metabolites KIC, KMV, and KIV for which no MST information was available were identified by analysis of identically derivatized authentic standards.
Analysis of [U-13 C]leucine-Labeled Samples
Tomato pericarp discs were extracted as described above. Uncorrected molar percentage enrichments of metabolites were evaluated as described previously (Giege et al., 2003) by comparison of the 12 C spectral fragments and the isotopic spectral fractions of non-labeled control incubations with the fragmentation patterns of the [U-13 C]leucine-fed tomato pericarp discs as detailed before (Roessner-Tunali et al., 2004) . For the calculation of the total label present in a metabolite pool, the mole fractional enrichment of that metabolite was multiplied by the absolute concentration of that metabolite (Timm et al., 2008) .
Statistical Analysis
All statistical analysis of data was performed by algorithms in Systat 13 software. Tukey's HSD was used to determine significant differences (P , 0.05).
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